. Sequence analysis of nine such strains indicated that in each strain hrgA replaced hpyIIIR, which encodes a restriction endonuclease and which, together with the gene for its cognate methyltransferase, constitutes the hpyIII locus. As a consequence of either the hrgA insertion or independent mutations, hpyIIIM function was lost in 11 (5%) of the 208 strains examined, rendering chromosomal DNA sensitive to MboI digestion. The evolutionary history of the locus containing either hpyIII or hrgA was reconstructed. By homologous recombination involving flanking sequences, hrgA and hpyIIIR can replace one another in the hpyIII locus, and there is simultaneous replacement of several flanking genes. These findings, combined with the hpyIM/iceA2 locus discovered previously, suggest that the two most strongly conserved methylase genes of H. pylori, hpyIIIM and hpyIM, are both preceded by alternative genes that compete for presence at their loci.
Type II restriction-modification (R-M) systems are comprised of paired enzymes, a restriction endonuclease that cleaves DNA within a specific 4-to 8-bp sequence and a methyltransferase that specifically methylates the DNA within the same sequence, protecting the sequence from cleavage (4, 5, 14) . Helicobacter pylori, a gram-negative bacterium that colonizes the human stomach, affects the risk of getting upper gastrointestinal tract diseases, including gastric cancer (13) . H. pylori strains are highly heterogeneous in terms of the number and nature of the R-M systems that they carry (2, 10, 11, 18, 19, 21, 23) . During characterization of the hpyIIIR-hpyIIIM locus in Asian and Western strains, we found numerous strains with a novel gene that we designated hrgA in place of hpyIIIR (encoding an isoschizomer of Moraxella bovis MboI). The presence of hrgA appears to have predictive value for virulence in cagA-positive strains from Asia (3) . Neither gene is essential, but since no strain that lacks or contains both genes has been identified thus far, it is hypothesized that there is selection for the presence of either gene. The work described here addressed the following questions. How conserved is hrgA? How did the hrgA-hpyIII locus evolve? And are hrgA and hpyIIIR functional, and can the two genes be exchanged by natural transformation? Mutants bearing antibiotic resistance cassettes were constructed to investigate exchange of the genes between strains by natural transformation. The results indicate that exchange of these genes is possible and may involve transfer of a DNA fragment containing substantial flanking sequences, thus increasing the potential for genomic plasticity in H. pylori.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The H. pylori strains used in this study are summarized in Table 1 . Escherichia coli was routinely grown at 37°C in Luria-Bertani broth or agar supplemented with ampicillin (100 g/ml) and/or chloramphenicol (30 g/ml), when appropriate. H. pylori strains were grown on Trypticase soy agar (TSA) with 5% sheep blood (BBL) or brucella serum (BBL) agar with 10% newborn calf serum (Intergen) at 37°C in an atmosphere containing 5% CO 2 .
DNA and protein techniques. Standard molecular techniques were used (15) . H. pylori chromosomal DNA was prepared from cells of each strain after 48 h of growth on two agar plates, as described previously (3) . Plasmid DNA was prepared from E. coli after overnight culture by using a midi-prep protocol (Qiagen Inc., Valencia, Calif.) according to the manufacturer's instructions. PCRs were performed in 50-l mixtures containing 0.5 U of Taq polymerase (Qiagen), 1.5 mM MgCl 2 , and 200 ng of each primer. The PCR protocol (30 cycles) included a denaturation step at 94°C for 1 min, annealing at 5°C below the predicted melting temperature of the primers for 1 min, and extension at 72°C for 1 min/kb of amplification product. The primers reflecting conserved sequences in the hpyIII locus, hpRf, hpRr, hpMf, hpMr, hrgAf, hrgAr, locf, and locr, are described elsewhere (3). Other primers used in this study are listed in Table 2 . Sequence analysis was performed as described elsewhere (3) .
Phylogenetic analysis and Ka/Ks ratios for hrgA and hpyIIIM. hrgA nucleotide sequences were aligned by using GCG Pileup (Wisconsin Package, version 9.1), and a phylogram was constructed by using Paup 4.0b2 (Sinauer Associates, Sunderland, Mass.) and was displayed by using midpoint rooting with Paup 3.1 (Illinois Natural History Survey, Champaign). To determine the ratios of the rate of nonsynonymous substitution (Ka) to the rate of synonymous substitution (Ks), multiple-sequence alignments were created with ClustalW and were analyzed by using SWAAP 1.0.0 (distributed by D. T. Pride and available at http://www .bacteriamuseum.org/SWAAP).
Disruption of hpyIIIR or hrgA in H. pylori strain 26695 or JP26. Insertion of a chloramphenicol resistance gene (cat) in hrgA has been described previously (3) . The same procedure was used to introduce cat into hpyIIIR of strain 26695 with primers NthpRf and XhhpMr ( Table 2 ). The product was cloned into pBluescript by using E. coli DH5␣. A unique EcoRI site was created in hpyIIIR by performing inverse PCR with primers hpRinr and hpRinf. cat was amplified from pBSC103 (22) by using primers that added EcoRI restriction sites, as described previously (3) . This cassette was ligated with the inverse PCR product, thereby disrupting hpyIIIR. H. pylori strains 26695, J99, J188, and B146 were transformed to chloramphenicol resistance with this construct to create 26695-hpyIIIR::cat, J99-hpyIIIR::cat, J188-hpyIIIR::cat, and B146-hpyIIIR::cat.
An analogous procedure that was used to produce JP26-hrgA::cat (3) also was used to create J54-hrgA::cat and JP2-hrgA::cat. Chromosomal DNA was isolated from the transformants, and insertion of the cat cassette within hpyIIIR or hrgA was confirmed by PCR.
Transformation of strains with chromosomal DNA. H. pylori strains 26695, J99, J188, B146, JP26, J54, and JP2 were examined to determine whether they could be transformed by chromosomal DNA from the H. pylori hpyIIIR::cat or H. pylori hrgA::cat strain. Recipient H. pylori cells were harvested from a 48-h culture on a single agar plate in 1.0 ml of phosphate-buffered saline (PBS) (pH 7.4) and then centrifuged at 5,000 ϫ g for 5 min, and the pellet was resuspended in 300 l of PBS. Each transformation mixture, consisting of 25 l of recipient cells and 30 ng of donor DNA, was spotted onto a TSA plate and then incubated overnight at 37°C in the presence of 5% CO 2 . The transformation mixture was harvested in 1 ml of PBS, and 100-l aliquots of appropriate serial 10-fold dilutions were inoculated onto brucella serum agar containing chloramphenicol and onto TSA plates. All plates were incubated for 4 days at 37°C in an atmosphere containing 5% CO 2 . Transformation frequencies were determined by comparing the numbers of transformants and total viable cells.
Nucleotide sequence accession numbers. The GenBank accession numbers of sequences determined in this study are listed in Table 1 .
RESULTS AND DISCUSSION
After the initial discovery in strain JP26 of hrgA (3), a gene of unknown function present in 33% of H. pylori strains, the sequence of this gene in eight other strains was determined. In two strains, JP2 (Japan) and 60190 (United States), multiple frameshifts were present in hrgA, which most likely eliminated expression in these strains. The translated hrgA sequences in the remaining seven H. pylori strains include three regions with multiple insertions or deletions (indels), all preserving frame, at positions 40 to 90, positions 255 to 266, and position 360 to the end (the amino acid positions include the gaps introduced in the alignment) ( Fig. 1) .
Since hrgA was not significantly homologous to functionally annotated genes, nucleotide substitution rates were analyzed to obtain clues related to its function. Nonsynonymous substitutions result in a change in an amino acid in the sequence, so that the amino acid sequence is no longer conserved. Synonymous substitutions do not result in a change in the amino acid. Ka values are generally lower than Ks values; however, (segments of) genes under selective pressure for variation have higher Ka/Ks ratios than genes under selective pressure for conservation (24) . For example, for hpyIIIM, the overall Ka is 0.04, the overall Ks is 0.18, and the Ka/Ks ratio is 0.24, values which are typical for H. pylori and suggest selection for a conserved amino acid sequence (1). However, for hrgA, a higher Ka/Ks ratio (0.74, based on a Ka value of 0.17 and a Ks value of 0.23) suggests that there is selective pressure for variation, which would be consistent with a role in virulence (16) . When the Ka and Ks of hrgA were compared by using a window of 30 amino acids, a region (amino acid residues 50 to 90) ( Fig.  2 ) was identified where Ka was higher than Ks. The finding that this region overlaps one of the regions where insertions and deletions are frequent ( Fig. 1) suggests that this portion of the gene product may be exposed to host selection (for example, selection from the immune system). These data, in conjunction with the observed in-frame indels in hrgA, support the hypothesis that although not essential, hrgA is functional and not degenerate.
Although certain indels or substitutions were present in both Japanese and Western strains, the overall phylogeny based on hrgA nucleotide acid sequences separates the Eastern and Western strains (Fig. 3) . Although the number of strains analyzed is not large, the bootstrap values indicate that this separation is significant. To reconstruct the history of the hrgA/ hpyIII locus, sequence analyses were extended upstream of hrgA or hpyIII and to the downstream hpyIIIM gene. Thus, the boundaries of the presumed replacement of hpyIIIR by hrgA could be determined, and a model for the history of the hpyIII locus of type I strains (containing hpyIIIR) and type II strains (containing hrgA) (3) could be constructed (Fig. 4) .
Type II restriction and modification genes are paired, and whereas cells with a modification gene can survive without the cognate restriction gene, cells with a functional restriction gene cannot survive without an intact and active modification gene. Thus, it must be assumed that hpyIIIR and hpyIIIM were once present together in the H. pylori chromosome and that in certain strains hpyIIIR was subsequently replaced by hrgA. Thus, in the most recent common ancestor of the H. pylori strains studied, an hpyIII R-M system likely was introduced downstream of fabD and tRNA Ser3, resulting in a strain similar to 26695 (Fig. 4A) . Insertion of foreign DNA often occurs shown). Expression of hpyIIIM (Fig. 4) is indicated by resistance of the chromosomal DNA to MboI digestion (3) . Among the hpyIIIR strains tested, only one (strain 88-29) is MboI sensitive (Fig. 4) , possibly due to a polar effect of a frameshift present in hpyIIIR. We interpret the presence of hrgA upstream of hpyIIIM in 33% of the strains to be the result of horizontal introduction in one or more ancestral strains, whereby hpyIIIR was replaced, after which hrgA spread by horizontal transformation in the H. pylori population. The introduction of hrgA apparently included 59 to 65 nucleotides upstream of hrgA, which replaced 50 nucleotides upstream of hpyIIIR (Fig. 4B) . The introduction of hrgA also resulted in replacement of approximately 30 nucleotides of hpyIIIM (Fig. 4C) , after which all hpyIIIM sequences examined align. MboI-sensitive strains appear to be more common among hrgA-bearing strains; e.g., subsequent mutations in JP26, JP28, and 9627 resulted in inactivation of hpyIIIM.
The 3Ј insertion boundary is conserved in all strains except 99515 (Fig. 4C) . The latter strain is an exception, in that the first part of hpyIIIM is identical to the sequence in strains bearing hpyIIIR, suggesting that during the hrgA insertion, less of the hpyIIIM sequence was replaced. Within the group of strains having identical hrgA 3Ј boundaries, one group (comprising JP26, B128, and 4602) also shared the 5Ј boundary; the other hrgA-containing strains have a different 5Ј insertion boundary, although the difference is only 12 nucleotides (Fig.  4B ). This grouping does not correlate with geographical origin, since JP26, B128, and 4602 were isolated from patients from Japan, the United States, and Europe, respectively (Table 1) .
Taken together, these observations suggest that multiple insertion events involving hrgA occurred before Eastern and Western human populations separated, which allowed conservation of insertion borders in strains from different geographical regions.
H. pylori strains possess either hpyIIIR or hrgA; thus, neither gene is essential. Nevertheless, in not one of the 208 strains tested were both genes missing or were both genes present (at any genomic locus, as detected by gene-specific PCRs) (unpublished results). Thus, the presence of either gene, whether functional or not, must be selected in H. pylori. Since natural competence augments the H. pylori repertoire for creating genomic diversity via homologous recombination (8, 17, 20) , hrgA could have spread in the population by horizontal gene transfer after its original introduction into an H. pylori genome. Therefore, we hypothesized that strains can exchange hrgA for hpyIIIR, or vice versa, by natural transformation. This was confirmed experimentally, and a sequence analysis of the transformants obtained was performed to define the boundaries of the presumed replacement. Chromosomal DNA from mutants carrying a chloramphenicol resistance marker (cat) in hrgA (JP26-hrgA::cat) or hpyIIIR (26695-hpyIIIR::cat) was used to transform the reciprocal wild-type strains. The transformation efficiency varied between strains, and JP2 was an inefficient recipient (Table 3 ). Transformation to a homologous strain (e.g., hpyIIIR DNA transformed into hpyIIIR-containing strains) was in general more efficient than the heterologous equivalent (Table 3) . However, recipient hrgA ϩ strains were more efficient in taking up heterologous hpyIII DNA than The crossover locations involved in the homologous recombinations were determined by comparing the sequences of two transformants with the sequences of their parental strains (Fig.  5) . Transformation of strain 26695 with chromosomal DNA from JP26-hrgA::cat yielded a transformant, 26695::JP26-hrgA::cat, in which the crossovers occurred in the upstream fabD gene and in the downstream HP0093 gene, replacing a 4.0-kb fragment with a 5.2-kb fragment (including the cat cassette). In the inverse experiment, in which DNA from 26695-hpyIIIR::cat was transformed into strain JP26, the transformant studied (JP26::26695-hpyIIIR::cat) received an approximately 5.7-kb fragment (including the cat cassette) with crossovers in fabD and HP0095. These transformation results show that genetic exchange of hrgA and hpyIIIR can occur and that crossover events involve flanking genes, thus preserving the border of the original hrgA introduction. The ability to recombine DNA segments of various lengths around a locus with a (naturally) selectable phenotype is adaptive because it results in a population of variants available for survival under changing selective constraints. This property may in part help generate the enormous diversity present among H. pylori strains (7, 17) .
Variation in the presence and expression of R-M systems or their constituents affects the ability of the host strain to further accept heterologous DNA fragments. After horizontal acquisition of the hpyIII R-M system, which may have occurred more than once in H. pylori (12) , H. pylori may have coopted the methylase function, after which it could afford the loss of the hpyIIIR function. A parallel process may have occurred in another R-M locus, with iceA1 (encoding an isoschizomer of NlaIII) replaced by iceA2, in which the methylase gene was retained (6) . No sequence similarity was detected, however, between hrgA and iceA2, and the presence of the hrgA gene and the presence of the iceA2 gene seem to be independent events.
Despite extensive diversity in most of the genes encoding methylases present in H. pylori strains (18) , hpyIM (in the iceA locus) and hpyIIIM are the two genes that are universally (100%) and nearly universally (97%) expressed, respectively (18) . Thus, selection for functional CATG and GATC methylases may be particularly strong and possibly stronger than selection for their functional restriction enzymes.
It has been proposed that R-M systems parasitize bacterial genomes and are difficult to lose (9) . In contrast, our data show that H. pylori strains are able to exchange hpyIIIR and hrgA by homologous recombination involving flanking sequences, suggesting that these genes can be in flux and that the presence of these genes is subject to selective constraints that remain to be determined.
